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ABSTRACT
A crossed-beam apparatus has been built and used to study charge
transfer between 0- ions and 0

2

molecules in the ground state and in

the metastable, singlet delta, excited state.

The energy of the

incident ions ranged from 10 to 10,000 eV.
The cross section for charge transfer between 0- and ground state
0

2

was found to peak at about 5 keV, as predicted on the basis of the

Rapp and Francis theory.

At the lower energies there is good agree-

ment with the previous measurements of

Snow~

Turner, who also used crossed beam techniques.

al., and Rutherford and
The cross section for

charge transfer between 0 - and metastable excited

o2 ( 1 ~g)

to be small over the energy range of 40 to 10,000 eV.
other experimental measurements for comparison.

was found

There are no
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I.

INTRODUCTION

The study of charge transfer between 0- and ground state 0 ,
2

1 2
has been carried out both at thermal energies '
and in the energy
3 6
range of a few eV to 3000 ev. -

In the present experiment this

reaction has also been studied and the energy range has been extended
to 10 keV.
cited 0

2

In addition charge transfer between 0- and metastable ex-

1
( il g ) ,

has been studied in the energy range of 40 to 10,000 eV.

Experiments

involving charge transfer to molecules in a metastable excited state
have not been previously reported for negative ions.

This work has

been carried out with a crossed-beam apparatus that has been constructed for the purpose of studying negative ion charge transfer
reactions over the energy range of a few eV to 10 keV.
The use of crossed-beam techniques is well suited to the measurement of various reaction cross sections, such as charge transfer.
One important advantage of the technique is that both the reactants
and the products are usually well known.

The neutral beam usually

consists of only ground state atoms or molecules, and the primary ion
beam is mass selected and has a relatively small energy spread.
Fre_q uently a significant fraction of the positive ion beam from
conventional ion sources is in excited electronic states, which can
cause difficulties in interpretation of the data.

7

On the other hand,

2

with negative ions this problem is greatly reduced since most of
these ions are stable only in the ground electronic state.

Possible

exceptions to this have been reported for C- and Si- by Paulson 8
an d 0 par i n et

1
~·

9,10

Similar considerations apply to the product

ions and thus one can often study specific reactions without concern
for competing processes, which is not the case in other methods, such
as afterglow studies.

Another advantage of the crossed-beam technique

is the relative ease with which one can study collisions involving
chemically unstable systems

11

such as 0 atoms or particles in metastable

excited states.
It should also be mentioned that this technique is normally
used to measure relative rather than absolute cross sections.

This

is due primarily to difficulties in measuring neutral beam fluxes
and uncertainty in the collection efficiency of product ions,
especially at low energies (<100 eV).

3

On the other hand this method

is particularly well suited to high resolution measurements of relative cross sections.

12

The present experiment makes full use of the

advantages of this type of apparatus.
A possible application of this work is to aid in understanding
the chemistry of the upper atmosphere.

The presence of 0

. i et
been detected in the ionosp h ere a b ave 90 k m b y Narc1ss
and relatively large concentrations of 0

2

(

1

~g)

ions has
1 13,14

~·

have been discovered

15
in the D region with measurable amounts extending above 100 km.
Thus both of these particles play a role in the equilibrium composition of the ionosphere.

Although the energy range of the present

3

experiment is far above the thermal energies normally associated with
reactions in the upper atmosphere, it may be assumed that any knowledge gained is potentially useful.

4

II.

REVIEW OF LITERATURE

The use of crossed beams to study collision processes dates
back as far as 1922 when H.D. Smyth used crossed electron and Hg
beams to measure ionization potentials of mercury.
of various negative ions, such as 0-,
ported in the 1920's.

17

o;,

16

Observations

K-, and K; were also re-

It wasn't until the 1950's, however, with

the introduction of modulated beams and synchronous detection, that
the use of crossed beams became a well established technique.

12

The present crossed-beam apparatus is similar to others that have
operated in the same energy range with the exception that digital
rather than analog synchronous detection is being used.

The details

of this technique will be discussed in a later section.
Charge transfer processes involving positive ions have been
studied for a large number of colliding systems over a wide range
.

o f energ1es.

4

The analogous negative-ion charge transfer process

has been studied much less extensively.

The following is representa-

tive of the work that has been done in the energy range of the
present experiment.
As early as 1956, Hasted et al. reported evidence of charge
transfer of

0-2

with 0 •
2

18

Vogt et al.

19

and Paulson

20 21
'
have used

the tandem mass-spectrometer technique to study various negative-ion
reactions including charge transfer over the energy range of 0.3 to
35 eV.

Hummer et al. measured the resonant H- + H charge-transfer

cross section over the energy range of 0.1 to 40 keV using a crossed
beam apparatus,

22

and Bydin has studied the charge transfer of Na ,

K-, Rb , and Cs- ions with alkali atoms over the energy range of

5

900-2400

ev. 23

The charge transfer cross section for 0- on 0

2

has been measured

by several investigators covering the energy range of a few eV to
3000 eV.

3 24
Roche and Goodyear '
have reported results in the range

of 4 to 100 eV.

They used a cylindrical collision chamber containing

vanes, with an axial magnetic field, to separate electrons from
Bailey and Mahadevan

negative ions.

4

used a radio-frequency electron

filter to measure this same cross section in the range of 4 to 350
eV, and Rutherford and Turner

6

reported results in the range of 2

to 400 eV obtained with a crossed-beam apparatus.
range of 0.5 to 4 keV were reported by Snow et al.
a crossed-beam apparatus.

Results in the
5

who also used

The results of these measurements will

be discussed in a later section.
Much of the work that has been done with negative ion charge
transfer has been done at or near thermal energies.

Since this

energy range is not accessible to most beam experiments, which
have been limited at best to a few tenths of an eV, other techniques
must be used.

Cross sections and reaction rates obtained at thermal

energies complement higher energy beam measurements and can be
useful when extrapolating to lower energies.

25

The following is

representative of the work that has been done at thermal energies.
Ferguson, Fehsenfeld, Schmeltekopf et al. have used a flowing
afterglow to study several different negative ion reactions including
charge transfer, associative detechment, ion-molecule reactions,
and others 26 - 28 •

The use of drift tubes has been employed by Snuggs

et al. 1 , 29 and McKnight

2

to study ion-molecule and charge transfer

6

reactions.

Dillard, Franklin, di Domenico et al. have used a

time-of-flight mass spectrometer to study various types of reactions,
including charge transfer, with relatively complex ions and
molecules
ClCN.

30 34
such as su lf ur compoun d s an d their mixtures with

Stockdale et al. have also used a time-of-flight mass

35-37
.
.
.
1 ecu 1 e react1ons.
.
spec t rome t er t o s t u dy var1ous
negat1ve-1on-mo
They were able to extend the energy range from thermal up to 3 eV
by taking advantage of the kinetic energy of ions produced by dissociative electron attachment.

38

One rece,n tly developed beam technique that is potentially useful
for studying very low energy reactions is to merge two energetic
beams traveling in the same direction such that one is completely
within the other.

In this way the relative velocity of the two

beams can, in principle, be made arbitrarily small, while the laboratory energy of the beams is much greater.

Merged beams have been

used to study ion-ion mutual neutralization cross sections (also
called electron transfer or charge transfer).

Aberth et al. have

--

+
measured cross sections for such systems as N + 0- in the energy
range of 0.1 to 86 ev,
to study Na+ + 0-

+

39 41
and Weiner et al. have used this method

Na (3p) + 0 in the energy range of 0.06 - 7 ev.

42 43
,

One of the most significant parameters of a negative ion is
44 h" h (f
. .
. 1ons
.
) 1s
. th e b"1n d"1ng
its e 1 ectron a ff 1n1ty,
w 1c
or a t om1c
energy of the added electron.

The measurement of electron affinities

has constituted a major portion of the effort in the study of
negative ions.

One method that has been used, is to measure the

kinetic energy thresholds of endothermic negative-ion charge transfer

7

reactions.

Early work related to this was reported by Kraus et al. 45

.
46
47
Henglein and Mucc1ni,
and Curran,
who were able to establish the
relative order of, or set bounds on, the electron affinities of
several molecules.

In each case they made use of low pressure mass

spectrometer ion sources.
Berkowitz and Gutman

More recently Baede,

48

and Chupka,

49 50
,
have applied this method to halogen

o2 ,

diatomic molecules , Tiernan et al. have reported results for

No 2 ,

an d SF6.

51,52

Of particular interest for the present work

is the electron affinity of 0

2

and 0.

Tiernan

51

reports a lower

limit of 0.45 ± .1 eV for the electron affinity of ground state 0 .
2
53

This is in good agreement with the results of Celotta et al.,

who

measured a value of 0.440 ± .008 eV using molecular photodetachment
spectrometry.

The electron affinity of 0 was reported in 1958 by

Branscomb et a1.

54

who obtained a value of 1.465 eV using photo-

electron spectrometry.

A theoretical treatment of resonant and nonresonant charge
transfer was published in 1962 by Rapp and Francis

55

.

This treatment

was an extension of previous work by Rapp and Ortenburger

56

which,

in turn, was an application of the methods of Gurnee and Magee.

57

Gurnee and Magee calculated cross sections for the resonant and nearresonant charge transfer of atomic and molecular systems using an
impact parameter method with a two-state approximation.

The theory,

as presented by Rapp and Francis, has been used widely in many
different situations including nonresonant negative ion charge
5 25
transfer. '

58
Smirnov
published a review article in 1966 summarizing

the charge transfer theory for slow collisions at that time.

More

8

recently Davidovic and Janev have made more refined two-state calculations to obtain cross sections for both resonant and nonresonant
.
.
negat1ve
1on
c h arge trans f er. 59-61

to the 0-

+ 0

+

0

+ 0

They have applied their results

resonant reaction and the H-

+ 0

+

H

+ 0

nonresonant reaction and have obtained good agreement with the experi. et
mental results of Snow

1 5

~·

9

III.

APPARATUS

The apparatus is housed in two separately pumped vacuum chambers.
In the source chamber the primary ion beam is produced and mass analyzed.
In the collision chamber the neutral beam is formed and intersects
the primary ion beam at right angles.

The secondary ions are extracted

at right angles to the primary beams and then mass analyzed and
counted.

Since these three beams are mutually perpendicular, the

primary ion beam current can be continuously monitored while taking
data.

The primary ion beam chamber is pumped by a 4-inch oil diffu-

sion pump which maintains a pressure of 2 or 3 x 10operating conditions.

6

Torr under

The collision chamber is pumped by a Granville-

Phillips 6-inch Electro Ion pump.

Under operating conditions the

pressure in the collision chamber is maintained at 1 to 3 x 10Torr.
A.

7

A detailed description of the apparatus follows.
Ion Source Chamber
The negative ions are produced in a hot cathode discharge ion

source, made by Calutron Corporation, shown - schematically in Figure 1.
Although the source was designed to produce positive ions with a
narrow energy spread, it also works well for negative ions.

The

hot cathode is a 0.015 in. diameter tungsten filament, which draws
typically 5 to 10 A.

The plasma is formed by a de arc between the

cathode and the tantalum anode.

The largest 0- current (typically

10 to 20 nA) is achieved when N 0 gas is used in the source,
2
yields 0- ions through dissociative attachment, e + N 0
2

+

which

0- + N .
2

The ions are extracted from the plasma near the 0.5 mm diameter anode

10

COLLISION
CHAMBER
WALL

COLLIMATING APERTURE

ION SOURCE

LENS

GAS INLET

TEFLON
INSULATOR

I___

EXIT APERTURE
TO COLLISION
CHAMBER

DEFLECTION PLATES
FILAMENT

Figure 1.

Primary Ion Beam Source Chamber

11

aperture by a 1000 V/cm field, leaving them with an energy of
1500 eV with respect to the ion-source chamber.

The ions then pass

through a three element cylindrical lens, a collimating aperture and
a set of vertical deflection plates before entering the Wien filter.
The Wien filter is a velocity filter employing cr9ssed magnetic and
electric fields which disperse, or fan out, the various velocity
components of the ion beam.

Since all the ions have the same energy,

those with different masses will have different velocities and thus
a particular mass can be selected.

The ions then traverse a 50 em

drift space and pass through a 1 mm diameter hole into the collision
chamber.

This distance is needed to provide adequate mass resolution,
M/~M ~

which for this work was
is shown in Figure 2.

35 at M

=

16.

A typical mass spectrum

This is a plot of the primary ion beam

current as a function of the current, I, which produces the magnetic
field in the Wien filter.

The mass scale is calibrated for known

ion peaks such as the two isotopes of chlorine, c1

35

natural abundances of 75.4% and 24.6%, respectively.

and c1

37

, with

Then the un-

known mass peaks can be determined by interpolation using the relationship, I ~

i.M •

The final energy, E, of the ions at the collision region, which
is at ground potential, is determined ultimately by the potential
of the ion-source anode.

Since it is desirable to maintain constant

ion beam conditions within the source chamber, the 1500 V extraction
potential, V , is held constant and the final ion energy, E, is
a
obtained by varying the potential of the entire source chamber, V ,
e

12
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which is insulated from ground by teflon flanges.

From Figure 3,

a schematic drawing of the power supplies used to form the ion beam,
it can be seen that E
B.

=

IVa+ Vel.

Collision Chamber
1.

Primary Ion Beam

The primary ion beam enters the collision chamber, Figure 4,
through the 1 mm diameter hole mentioned above.

It is then accelerated

or decelerated to the desired final energy in the accelerating column.
This is a series of 13 plates with 0.250 in. diameter holes.

The

first 10 plates are connected in series with 1 megohm resistors,
providing a uniform potential gradient for changing the beam energy.
The final three plates are used as an Einzel lens; that is, the outer
two plates are at ground potential while the potential on the center
plate is adjusted for focusing.

The ion beam then passes through

two sets of deflection plates and a collimating aperture and then into
the cylindrical collision region.

Finally it is collected in a Faraday

cup which is used to measure the ion current.

The Faraday cup in-

corporates a retarding field energy analyzer to measure the energy
spread in the beam.

This consists of two parallel plates, one of

which is at ground potential and has a small hole through which the
beam passes.

The measurement is made by raising the potential on

the retarding plate until it just begins to prevent the beam from
reaching it.

Then the current to the retarding plate is measured

as a function of the potential on it as the potential is varied
through the range in which the beam current goes to zero.

By plot-

ting the resultant curve and taking . the derivative graphically, the

14

FINAL LENS
DEFLECTION
PLATES

DEFLECTION PLATES

EXIT APERTURE

LENS

ANODE

WI EN FILTER

COLLISION
REGION

DEFLECTION
PLATE
VOLTAGES

ACCELERATING COLUMN

LENS
VOLTAGE

8- FIELD
CURRENT

FILAMENT

E-FIELD
VOLT AGE

DEFLECTION
PLATE
V0 L TAG E

ACCELERATION
VOLTAGE V0

Figure 3.

LENS
V 0 L TAG E

ARC
CURRENT

EXTRACTION
VOLTAGE V8

Primary Ion Beam Power Supply Diagram

FILAMENT
CURRENT

15
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Figure 4.

Collision Chamber:
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mean energy and energy distribution of the beam are obtained.

The

results of this procedure carried out at three different energies,
are shown in Figures 5 and 6.

Simpson has shown that the resolution

of such an analyzer is limited by the lens effect at the hole.

62

The limiting resolution is given by

L'lE

r

2

E

where L'lE is the "base energy width" as defined by Simpson, r is the
radius of the hole, d is the distance between the plates, and a
parallel beam is assumed.

The limiting resolution for the present

geometry is L'lE/E = 0.0022.
Note that in Figure 5 the peak energies are higher than the
nominal beam energies of 300 eV and 1000 eV, by about 3 or 4 ev,
and in Figure 6 the peak is about 1.25 eV higher than the nominal
beam energy of 100 eV.

This is to be expected since the nominal

beam energy is determined from the potential on the ion-source
anode and the ions will already have some energy by the time they
reach the anode due to fields inside the source.

In Figure 6 the

extraction potential has been reduced to 1300 V from the usual
1500 V.

This field cannot penetrate as far into the source through

the hole in the anode and therefore the excess energy is smaller.
Another consideration is the error in measured ion current
due to the escape of secondary electrons.

When the primary ion

beam strikes the Faraday cup surface, secondary electrons will be
.

em~tte

d • 63

Unless they are all collected, or accounted for, the
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primary ion beam current will be

measu~ed

incorrectly.

One means of

reducing the loss of secondary electrons is to place a truncated cone
into the Faraday cup.

Since the secondaries are ejected at relatively

low energies and with a cosine distribution the maximum of which is
normal to the surface, most of the electrons ejected from the cone
will be trapped in the Faraday cup.

However, with the incorporation

of the energy analyzer, Figure 4, it can be seen that secondary
electrons can be lost from between the plates.

One means of preventing

this is to bias the Faraday cup appropriately.

The upper graph in

Figure 7 shows a plot of the measured ion current to the Faraday
cup as a function of the positive bias voltage on the Faraday cup and
~etarding

plate.

As expected, ·the number of secondary electrons

ejected depends upon the energy of the incident ions and most of
the electrons have low energy.

On the assumption that most of these

electrons are lost from between the two parallel plates, a constant
additional bias of + 22 1/2 V was put on the retarding plate with
respect to the first plate.

The current to the Faraday cup and

retarding plate was again measured as a function of the positive
voltage on the Faraday cup.
of Figure 7.

The result is shown in the lower plot

From the change in the curves it is concluded that

much of the secondary electron loss is from between the parallel
plates.
adopted.

Based upon these results the following procedure has been
In the ion energy range of 1500 to 10,000 eV the Faraday

dup is biased at + 22 1/2 V.

In the energy range of 100 to 1500 eV

the Faraday cup is biased at+ 9 V, and in the energy range of
10 to 300 eV it is biased at + 3 V.

In each case the final plate
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is biased at + 9 V with respect to the first plate.

This procedure

limits the current lost by secondary electrons to 1 or 2% of the
primary ion beam current, which is well within the overall accuracy
of the system.

In addition this keeps the field in the collision

region due to this Faraday cup bias small compared to the energy
of the incident ions.
2.

Neutral Beam

The neutral beam is formed by flowing gas, at a few microns pressure, through a collimated hole structure (CHS).

The CHS is a

stainless steel cylinder 0 .12 0 in. in length containing a high, uniform
density of 0.002 in. diameter, parallel holes.

The 0

2

gas is admitted

to a chamber behind the collimated hole structure through a leak
valve.

By maintaining the gas ' pressure low enough that the mean

free path is longer than the holes in the CHS, the angular distribution
of the neutral beam will be peaked in the forward direction significant64
.
. wou ld b e us1ng
a t h.1n-wa11 e d or1.f.1ce
! y more t h an 1t

In this way

a relatively well-collimated neutral beam can be produced without
a stage of differential pumping.

The dependence of the secondary

ion signal has been found to be linear with source pressure over
the pressure range of 0 to 12 microns, Figure 8.

The source pressure

used in the present work is 10 microns which, for 0
a number density of

~

2

gas, produces

11
3
l0 particles/cm at the collision region and

allows a pressure of about 2 x 10-

7

Torr to be maintained in the

collision chamber.
The neutral beam is chopped at 560 Hz by a toothed wheel mounted
on a shaft extending through a Ferrometic TM rotary feedthrough
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mounted in the vacuum wall.

This feedthrough employs a low vapor

pressure magnetic fluid trapped by intense magnetic fields in
small annular gaps for a vacuum seal.

An identical toothed-wheel

chopper is mounted on the same shaft outside the vacuum system.
This second chopper is used with a photo transistor and a light to
generate the reference square wave signal for the synchronous detection
system.

The phase relationship between the two choppers is set

mechanically so that the leading edge of the reference square wave
corresponds to turning on the neutral beam and the trailing edge
corresponds to turning it off.

There will be a time delay between

turning on the neutral beam and the arrival of secondary ions at
the detector, due to the finite velocity of the neutral beam particles.
This, however, is a small fraction

(~

3%) of one counting period.

Further details are given below.
3.

Secondary Ion Beam

The secondary ions resulting from charge transfer have very
little kinetic energy and therefore are extracted from the collision
region with a weak electric field and then accelerated to 50 eV for
mass analysis.

The grids used to do this are shown in Figure 9,

which is a side view of the collision region.

The optimum value of

the potential on the first grid that is used to extract the secondary
ions is determined by plotting the secondary ion current as a function
of this potential.

A typical plot is shown in Figure 10, which was

obtained with 1500 eV primary ions and with the Faraday cup biased
at 22 1/2 V.

Notice that a negative potential is needed to cause

the secondary ion current to go to zero.

This is apparently due
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to the field from the accelerating grid penetrating through the
extraction grid and into the collision region.

Of primary importance

is the fact that the signal reaches a maximum or saturates at about
15 V.

Using this potential on the extraction grid will insure

maximum collection efficiency .

By the same procedure it has been

found that when the Faraday cup is biased at 9 V or 3 V the extraction grid must be biased at 10 V or 5 V respectively .

The influence

of this potential on the primary ion beam at the collision region is
negligible except at the lowest energies.

Below a beam energy of

30 eV the primary ion beam will be deflected by the 5 V extraction

grid potential normally used with low energy ions.

The data were

corrected for this by assuming that the actual current .entering
the collision region was that measured with zero potential on the
first grid .

The correction ranged from 21.7% at 10 eV to 1.2% at

30 eV.

After acceleration by the grids the secondary ions pass through
two sets of deflection plates, a three-element cylindrical lens,
and then enter the radio-frequency quadrupole mass filter.

This

mass filter was calibrated with the positive ions of Ar, N , and N.
2
The positive ions were formed by mounting an electron gun in the
present position of the Faraday cup and crossing electrons with
an Ar or N

2

beam.

Negative ions were not used for calibration be-

cause of the difficulty of forming sufficient quantities of known
species.

The resolution was set such that ~M < 1 amu at M = 32 amu.

27

C.

Detection System
Upon leaving the mass filter, the negative ions pass through

a two element cylindrical lens and are accelerated to the first
dynode of the electron multiplier with a positive 2000 V potential
difference.

The electron multiplier is a 15 stage venetian blind

type with BeCu dynodes which is operated at an overall voltage of
3000 V.

Figure 11 is a plot of the count Eate for a constant signal

input as a function of the sum of the multiplier voltage and the
accelerating voltage.
effects.

This curve is the result of two different

The first effect is the increase in the secondary electron

efficiency of the first dynode as the energy of the incident ions
is increased.

The second effect is the increase in the height of

the individual signal pulses with respect to the discriminator
threshold.

As the voltage across the electron multiplier is increased

to the point that almost all of the signal pulses are being detected,
a plateau would be expected in the count rate vs. voltage curve.
Since the curve in Figure 11 has leveled off considerably at 5000 V
it is assumed that the plateau has been reached and that the positive
slope is due to the increase in the secondary electron efficiency
of the first dynode.

Persistent arcing at the vacuum feedthroughs

at higher voltages limited reliable operation to 5000 V.

Pulses

from the electron multiplier are preamplified and then counted with
a digital synchronous computer (Princeton Applied Research Corporation).
This is a two channel counter in which one channel counts noise alone
(Scaler B) and the other Gounts signal plus noise (Scaler A).

The

reference signal from the external chopper is used to gate the pulses
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into the appropriate channels.
in Figure 12.

The gating arrangement is illustrated

The sampling time, t, is set at 650

same for both scalers to within 10 nsec.

~sec

and is the

The signal is obtained

4
by counting for a preset number of cycles, usually 10 , and then subtracting the counts in scaler B from the counts in scaler A.

The

pulse pair resolution is 30 nsec maximum for the preamplifier and
12 nsec for the counter.

Assuming that the maximum dead time of the

detection system is 30 nsec, and assuming a signal count rate of 10
counts/sec and a signal plus noise count rate of 2 x 10

5

5

counts/sec,

the error in the measured signal count rate will be about 1%.

This

is typical of the maximum count rates in the present experiment.

The

calculation is based upon the relationship
R

= Re -RT~ R(l -

RT)

0

where R

0

is the observed count rate, R is the true count rate and

T is the dead time.

D.

65

Production of Metastable 0
Metastable

o2

2

is produced in a microwave discharge in a section

of Pyrex tubing following the leak valve, as shown schematically in
Figure 13.

A small orifice in the end of the Pyrex tube permits a

pressure of a few Torr to be maintained in the discharge region
while the pressure behind the collimated hole structure remains at
about 9 or 10 microns.
This method of producing

o 2 ( 1 ~g)

is possible because of its

unusually long lifetime and stability.
45 min was reported by Badger et al.,

66

A radiative lifetime of
who estimated this value
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from measurements of absolute intensities of discrete-line and
continuous absorption bands at 1.27 and 1.065
metastable state of 0
collisions.

2

~

in oxygen.

This

is also very stable against deactivation by

Arnold~ a1. 67 and Winer and Bayes 68 reported values

of y (the fraction of collisions with the vessel walls that lead
to deactivation

69

and Becker et a1.

) ranging ·from 1.5 to 2.9 x 10- 5 for glass walls,
70

reported values ranging from 7 x 10- 6 to 1.3 x 10- 5

for stainless steel walls.
state 0
6

X

2

Deactivation due to collisions with ground

is even less likely with less than one deactivation in

.
68
10 8 co 11'1s1ons.
It has been shown by several experimenters that an electrical
71
1
( 6g).

discharge through oxygen will produce 5- 20% metastable 0
Foner and Hudson

72

reported 10 - 20% and Herron and Shiff

10% using a mass spectrometric technique.

Falick et al.

a concentration of 10% in an EPR study of 0
the chemiluminescence of I
et al.

75

2

1

2

(~g).

in the presence of 0

reported a concentration of 5%.

74

reported
reported

In a study of
1

2

2
73

(~g),

Derwent

In each case the 0

2

(

1

~g)

was produced in a microwave discharge and flowed rapidly to the point
where the concentration was determined.

Other methods that have been

used to study or detect the presence of 0
.
tee h niques reporte d b y El 1as
et
reported by Cairns and Samson
observation of the 1.27
by Fehsenfeld et a1.

~

77

1

~.;

76

2

( 1 ~g) include calorimetric

.
.
.
.
p h oto1on1zat1on
tee h n1ques

and McNeal and Cook

78

; and direct

emission using a PbS photometer was reported

27

In the present apparatus none of these techniques are available
for measuring the concentration of 0

2

1
( 6g).

From the above discussion

33

it is apparent that a maximum concentration of about 10% should be
expected near the discharge.

The determination of a lower limit

wi ll be discussed in a later section.
The present experimental arrangement allows the concentration
of metastable 0

2

( 1 ~g) to come to some equilibrium value in the first

section where the gas is essentially static.

This metastable enriched

oxygen then leaks into the low pressure section where it diffuses
rapidly to the collimated hole structure.
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IV.

THEORY

The charge transfer reaction of 0- to ground state 0 ,
2

(1)
is endothermic by about 1.02 eV, since the electron affinity of
0 2 is 0.44 ev

53

and the electron affinity of 0 is 1.465 ev.

54

This is an example of asymmetric nonresonant charge transfer.
According to Hasted

79

the formulation of this type of problem in

quantum theory is unusually difficult and until recently very
little work has been done as applied directly to negative ions.
However, an earlier theory developed by Rapp and Francis

55

has

proven useful, at least qualitatively, in many instances in the
energy range under consideration (0.01- 10 keV).

The theory is

based on an impact parameter method and assumes a classical trajectory which is approximated by a straight line.

In addition a

two state approximation is used for the total wave function.

The

essential predictions of the Rapp and Francis theory are that for
asymmetric charge transfer the cross section is close to zero at
very small energies, increases to a maximum at some finite energy,
and then falls off monotonically with further increase in energy.
The velocity for which the cross section is a maximum is given by

v
where

~E

~ ai~EI
h

is the energy defect (difference of the two electron affini-

ties), a is a parameter experimentally determined to be about 7

A,

and

35

v is the ion velocity.
of Massey.

80

This is in accord with the adiabatic criterion

The monotonic decrease of the cross section a with

increasing velocity is given by

a
where k

1

1
2

and k

(2)

2

are constants.

Although this theory was developed

in terms of positive atomic ions, Wolf and Turner

25

have applied it

to negative atomic and molecular ions in a semiempirical theory.
They combined the Rapp and Francis theory, corrected for non-rectilinear orbits, with the Langevin capturing model.

Their purpose

was to develop a method for extrapolating cross sections measured
by beam techniques to thermal energies.
to the charge transfer of 0-,

o;, o;,

They applied their results

and OH- with N0 .
2

By adjusting

a parameter f which represented the fraction of capture-type collisions
that resulted in charge transfer, agreement was obtained with the
thermal energy results of other

experimente~s.

The charge transfer of 0- to metastable 0

2

( 1 ~g),
(3)

presents a different situation.

o2

In this case, since the energy of

1
( 6g) is 0.98 eV above ground state 0 , the energy defect is
2

approximately 0.05 eV.

When the energy defect is zero or nearly

zero this type of reaction is known as asymmetric (or accidental)
resonance charge transfer.

According to the above theory, the

general dependence of the cross section should be similar

t~

the

nonresonant process with the maximum occurring, in this case, at

36

about 6 eV.

At lower energies the cross section is expected to go

rapidly to zero.

Bates and Lynn

81

first pointed out the mechanism

that needs to be considered at very low velocities.

The energy

defect as defined above is actually calculated for infinite separation of the particles involved.

When it is zero or near zero there

will be a pair of degenerate or nearly degenerate eigenfunctions
for the quasi-molecule at infinite separation.

As the particles

come together the overlap of the eigenfunctions increases, increasing
the probability of an electronic transition.

At the same time,

however, the difference in the associated eigenenergies also increases
due to the increased inter~ction of the eigenfunctions, thus inhibiting the transition at low velocities.

This would not be true for

symmetrical resonance reactions because of the symmetry.

In the

symmetric case charge transfer does not involve an electronic transition.
Finally, the conservation of total spin must be applied, at
.
1 east wea kl y, as a se 1 ect1on
ru 1 e. 82

This rule, which is known as

the Wigner spin rule, is presented by Massey and Burhop as follows:
If s

1

and s

2

83

are initial spin quantum numbers of the electronic

states of the colliding particles, the resultant spin quantum number
S of the combined system will have one of the values

Then one can expect that the only transfer reaction which will be
important will be such that if s

3

and s

4

of the final states, one of the numbers s

are the spin quantum numbers
3

+ s 4 , • • • , ls 3 - s 4 [

37

must be included in the set s

1

+ s

2

, .

Both

reaction (1) and reaction (3) are allowed according to this rule.
Table 1 summarizes the values of spin and energy defects,
the reactions considered in this work .

~E

of
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Table 1.

Summary of Spin Values and Energy Defects

REACTANTS

sl

s2

s

PRODUCTS

s1

S2

s

llE

0-(2P)+02(3L:;)

1/2

1

1/2, 3/2

2
3
o;< ng)+o( P)

1/2

1

1/2, 3/2

-1.025

2
1
0-( P)+0 ( llg)
2

1/2

0

1/2

3
2
o;< ng)+o( P)

1/2

1

1/2, 3/2

-.049

2
1
0-( P)+0 ( llg)
2

1/2

0

1/2

0-(2P)+02(3L:;)

1/2

1

1/2, 3/2

.976

C-(4S)+02(3L:;)

3/2

1

5/2, 3/2, 1/2

3
2
C( P)+0;( n)

1

1/2

3/2, 1/2

1
4
C-( S)+0 ( llg)
2

3/2

0

3/2

3
2
C( P)+0;( n)

1

1/2

3/2, 1/2

.146

C-(2D)+02(3L:;)

1/2

1

1/2, 3/2

3
2
C( P)+0;( n)

1

1/2

3/2, 1/2

.378

2
1
C-( D)+0 ( llg)
2

1/2

0

1/2

3
2
C( P)+0;( n)

1

1/2

3/2, 1/2

1.354

-.83
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V.

A.

Ground State 0

RESULTS AND DISCUSSION

2

The results of the measurement of the charge transfer cross
section for 0

to ground state 0

2

are shown in Figure 14.

curves show the data of Rutherford and Turner
Mahandevan
Geballe

5

4

(BM), Roche and Goodyear

3

6

The solid

(RT), Bailey and

(RG) and Snow, Rundel and

(SRG), and the circles are the present results.

The

scatter in the data is indicated by the error bars which represent
the standard deviation of the mean.

The present data have been

normalized to the value

a = 1.4 x 10 -16 em2 at 300 eV reported by

Rutherford and Turner.

This point was chosen because it is in

the energy range where their results would be expected to be the
most reliable.

In addition the independent results of Bailey and

Mahadevan lie within the ± 30% uncertainty quoted by Rutherford
and Turner.
1.

Normalization.

In order to measure absolute cross sections it is necessary
to know the overall gain of the apparatus.

The apparatus used by

Rutherford and Turner was designed so that the only unknown parameter
was the secondary ion collection efficiency.

They were able to

measure this parameter by normalizing their results to known
positive ion charge transfer cross sections at a primary ion energy
of 400 eV.

In particular they used the results of Stebbings et al.

for the reactions

84
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With this procedure a secondary ion collection efficiency
of 74 ± 8% was obtained.

Since Stebbings et al. reported an un-

certainty of ± 15%, the overall uncertainty of ± 30% reported by
Rutherford and Turner appears conservative.

This ± 30% uncertainty

necessarily includes both the ± 8% and ± 15% uncertainties mentioned
above along with the uncertainty in the secondary ion collection
efficiency of the react±on in question.
The results of Stebbings et al. were obtained with a crossedbeam apparatus in which the total secondary ion current was collected
without mass analysis.
ions are collected.

With this technique almost all of the secondary

The resultant secondary ion collection efficiency

is then essentially unity over the entire energy range of 30 eV to
10,000 eV.

The absence of mass analysis was not considered to be

important because of the chemical stability of the neutral beam.
Absolute cross sections were obtained by normalizing to the absolute
measurements of Stier and Barnett

85

for charge transfer between protons

and molecular nitrogen and oxygen at 5000 eV.

As mentioned above,

Stebbings et al. reported an uncertainty of ± 15% in their measurements.

This was due in part to an estimated error of ± 10% in the

measurements of Stier and Barnett.

The remaining error reflected

the extent of the internal consistency of the data.

42

The results of Stier and Barnett were obtained by measuring the
attenuation of an H+ ion beam in a gas cell under the influence of
an electrostatic or magnetic field.

The internal consistency of the

data was checked by passing the beam through a "thick target" and
measuring the fraction in each charge state.

Absolute cross sections

were obtained with an estimated uncertainty of ± 10%.
It appears that the above normalizing procedures are reasonable
and that the ± 30% uncertainty quoted by Rutherford and Turner is a
very conservative estimate.
The uncertainty in the present results is based primarily upon
the uncertainty of the normalizing point and the scatter of the
present data.

Thus at 300 eV the uncertainty is ± 30% and it increases

to about ± 40% at the highest energies.

At the lowest energies the

uncertainty is increased to about a factor of two due to possible
variation in collection efficiency.
2.

Discussion

The present results are in good agreement with the
Snow

res~lts

of

et al. below about 1500 eV but are higher than their results

at energies above 1500 eV.

This discrepancy is not considered signifi-

cant since the error bars overlap even at 3000 eV.

The general

variation of the cross section above 100 eV is in good qualitative
agreement with the predictions of the Rapp and Francis theory although
the velocity at which the maximum occurs is about a factor of 1.4
greater than that predicted.

This could be explained by assuming

that the parameter in the adiabatic criterion is 10 ~ rather than 7

A.

43

This seems reasonable since the 7

A value

was derived from data in-

volving the positive ions of primarily atomic rather than molecular
systems

86

•

The low energy structure is not explained by this theory,

as might be expected because of the approximate nature of the theory.
The cross section measured by Rutherford and Turner lies significantly below that measured by (RG) and (BM) as can be seen in
Figure 14.

The discrepancies between these various results at low

energies have been discussed by the previous investigators.

Both

the results of Rutherford and Turner and the present results assume
a constant collection efficiency at all energies.

However, at the

lowest energies the possibility of large angle scattering and ion-atom
interchange increases.

Both of these effects could contribute to

an increase in the range of the initial momenta of the reaction
products thus decreasing the collection efficiency and leading to
a resultant cross section that is too low.
On the other hand, in both of the other experiments (BM, RG)
the total product ion current was measured without mass discrimination.
Only the electrons were removed from the reaction products.

Thus any

reaction channels other than charge transfer that result in slow
negative ion products will result
are too high.

in measured cross sections that

Rutherford and Turner suggested a dissociative charge

transfer process
0-

+ 0

2

+

0 (fast)

+ 0- (slow) + 0 (slow)

as a possible competing reaction.
5.08 eV.

This has an energy threshold of

Roche and Goodyear conceded that this reaction may be more
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important at these energies than would be expected on the basis of
a simple adiabatic analysis.

No 0

product ions were observed in

the present experiment at primary ion energies near 300 eV.

It

seems possible that the 0- product ion might have some kinetic energy,
in which case the collection efficiency would be greatly reduced.
Another process that can have a large cross section at low
energies is the elastic scattering of the primary beam.

Roche and

Goodyear have concluded that a significant part of the discrepancy
in these cross sections below 25 eV is due to this process, which
will cause their measurement to be too high.

The low energy portion

of the present results is in good agreement with the results of
Rutherford and Turner.

In addition, a relative maximum in the

neighborhood of 100 eV was observed in agreement with the results
of Bailey and Mahadevan.
The drift-tube results of Snuggs et al.

1

show that this cross

section decreases rapidly as the energy is qecr ased below about
3 eV.

A comparison with the results shown in Figure 14 indicates

that there is a low-energy peak with a broad maximum in the neighborhood of 6 eV.

This peak is possibly due to orbiting collisions

-*

which result in the temporary formation of an (0 ) complex. This
3
87
explanation is further supported by the results of Paulson
who
.
.
.
an 018
.
tracer tee h n1que,
t h at 1n
t h.1s energy range
h as s h own, us1ng

the reaction proceeds in part by ion-atom interchange.

The cross

section falls off with decreasing energy because it has an energy
threshold of 1.5 eV in the laboratory reference frame.

For energies
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above 6 eV the cross section due to orbiting collisions is expected
to fall off as l/v.
B.

88

Excited State 0

2

Charge transfer to metastable excited 0
experiment by measuring the change in the

o;

2

1
( Llg) is studied in this
signal when the micro-

wave discharge, which produces the metastable 0 , is turned on.
2

The

signal S, observed with the discharge on, will be given by

s

(1 -

f)

sg +

se

f

(4)

where f is the fraction of molecules in the neutral beam that are in
the

1

Ll

state, S

g

present, and S

is the signal when

g

only ground state molecules are

would be the signal 'if only excited state molecules

e

were present in the neutral beam.

Since the cross section for each

process is directly proportional to its respective signal, the
cross section for charge transfer to excited state 0

2

1
( Llg) will be

given by

(j

where cr

g

e

(j

g

se
sg

(j

(J

-

_g_ (1 - ~)
f

g

(5)

sg

is the cross section for charge transfer to ground state

Both cr

g

and S/S

g

are measured quantities but f cannot be

measured directly with the present apparatus.

Thus in order to

obtain CJ , it is necessary to estimate or set bounds on f.
e
1.

Determination of f

It is helpful to rewrite Equation 4 as

s
sg

(1 -

f)

+

se
sg

f -

(6)
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If S e <<S g it can be seen that the fraction of metastable excited
0

2

*

is approximately

(7)

According to the theory of Rapp and Francis, a , is expected to be
e
small at high energies.

In particular, the condition a <<a is best
e
g

fulfilled when the ground state cross section crg is a maximum, which
in the present case is near 5000 eV.
establish a lower bound on f.

This approximation is used to

Figure 15 is a plot of (1

the energy of the incident ions.
standard deviation of the mean.
f was determined to be 0.035.

The error bars represent the
From .this plot the minimum value of

Use of this value of f results in

the cross section shown in Figure 16.

The curve in Figure 16 is

intended to show only the general variation of the data.
As an upper limit, we can take f equal to its reported value
near the discharge, i.e. f

=

0.1 (see Section III. D.).

section assuming f = 0.1 is plotted in Figure 17.

The cross

From Equation 5

it can be seen that as the assumed value of f is increased above
its true value, ae will approach ag.

This is apparently the case

in Figure 17 in which the energy dependence of the cross section is
very similar to that of a

g

(Figure 14).

must be much smaller that 0.1.

One may conclude that f

A choice of f

apparent cross section as shown in Figure 18.

=

0.045 yields the

In spite of the

scatter in the data it is clear that the apparent cross section is
still increasing slightly with energy.

On this basis it is assumed
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that a conservative upper limit for f is 0.045.
The sensitivity of f to the assumption that cr

e

• 0 at high

energies can be illustrated by calculating the value of f while
assuming that cr e = 1.0 x lo-

16

cm 2 at 4000 eV, a value which is

larger than its value at 100 eV when f is taken as 0.045.

The

exact expression for f, from Equation 5 is
1 - S/S
f = ------~g1 - cr /cr
e
g

Using cr

1.0 x lo-

e

yields f

=

0.04.

16

cm

(8)

2

with the measured values of og and S/Sg

The minimum value of 0.035 would then be in error

by less than 15% which is within the scatter in the data.
2.

Experimental Considerations

The large amount of scatter in these results 1

due to the

necessity of subtracting the measured value of S/S , which is nearly
g
unity, from 1, as seen in Equation 8.

For example a 0.5% uncertainty

in S/Sg results in a 13.7% uncertainty in (1- S/Sg) at 4000 eV,
which is the quantity used to determine the minimum value of f in
Figure 15.

Most of the scatter in the present data is believed to

be the result of insufficient regulation in various power supplies
and noise from the ion pump in the form of high energy
electrons and positive imns.

(~

4 keV)

The power supplies used to drive the

lenses and deflection plates for the secondary ion beam are adequate
for direct charge transfer measurements.

However, they apparently

do contribute to the scatter in the present excited state results.
In addition, there is a considerable background of electrons and
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positive ions from the ion pump.

Several attempts to block this

current were made, with only partial success.

It was found that

the electron current to the Faraday cup can be minimized by plac ing
a grid across the entrance to the Electro Ion pump biased at + 600 V.
Higher voltages cannot be used because high voltage feedthroughs
are not available.

Typical electron currents to the Faraday cup

are on the order of 10-ll A.

It is assumed that this current from

the pump may contribute to the background current at the electron
multiplier in spite of the quadrupole mass filter.
In order to be certain that the observed effect was due only
to the presence of metastable 0

2

(

1

~g)

other possibilities were considered.

in the neutral beam, several
The possibility of the micro-

wave discharge affecting the detection system was checked under
operating conditions by turning off only the primary ion beam and
looking for a change in the background noise signal when turning
on the microwave discharge.

No measurable change was observed.

Temperature effects were also considered since the gas temperature
in the discharge is high.

One possibility is that increased out-

gasing of the Pyrex tubing occurs when the discharge is turned on,
which would add contaminants to the gas.
unusually

la~ge

This was observed as an

change in the signal between RF on and RF off after

the system had been exposed to atmospheric pressure.

However, after

the discharge had been on for several hours, the signal change
returned to its former value, indicating that the Pyrex tubing had
been thoroughly degassed.
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Another source of error would arise if the gas temperature
in the 10

~

pressure region between the Pyrex discharge tube and

the CHS were to change (Figure 13). Since the number density of the
neutral beam at the collision region is proportional to both the
pressure and the temperature, and in our analysis the temperature
is assumed to be constant, an unknown change in temperature would
result in an error.

However, after leaving the high pressure dis-

charge region, the gas has to travel through approximately 15 em.
of 1/4 in. O.D. stainless steel tubing and then through approximately 25 em of 1/2 in. O.D.S.S. tubing before passing through the
collimated hole structure.

Since the mean free path of 0

is on the order of 0.5 em, the 0

2

2

at 10

~

molecules will suffer a large number

of collisions with the walls, which are at room temperature.

Thermal

acconunodation coefficients (the ratio of the actual mean·- ·energy
change of molecules colliding with a wall to the mean-energy change
if the molecules came into equilibrium with the wa11
for

o2

range from 0.42 to 0.82. 90

89

) reported

Assuming the value of 0.42, only

eight wall collisions would be required to bring the molecules to
within 0.1% of being in equilibrium with the walls.

Thus it appears

that the gas would rapidly come to room temperature.
The effect of impurities has also been considered.

The purity

of the oxygen gas used is 99.6% according to the manufacturer, the
main impurities being Ar and N •
2

Because the secondary ions are

mass analyzed, impurities cannot contribute to the

o;

signal.

in order for these impurities to play a role, either they must

Thus
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significantly alter the concentration of ground state

o

2

when the

discharge is turned on, or they must be effective in quenching
metastable 0 2 •

Neither of these processes appears to be likely.

Concerning the second one, Becker et al. 70 have reported rate con-stants for the collisional deactivation of
02 (1~ g ) with Ar and N2
as .S l0- 20 em3 molecule -1 sec -1 , which is more than two orders of
magnitude smaller than for deactivation due to collisions with
ground state 0 •
2
Another consideration is the presence of metastable states
other than 0 2

1

(~g).

The only other metastable state that is ex-

pected to be present is the 0

(1

2

much smaller quantities than 0

2

L;).

(l~g).

a concentration that was 0.2% of the 0
Becker et al.
for the

70

This state is produced in
Derwent et al.
2

75 reported

( 1 ~g) concentration and

reported a wall deactivation coefficient

y

of 10-

2

1 +

Eg state, which is a (a¢tot of 10 3 larger than for 0 2 (1~ g ).

Thus it appears that a significant fraction of 0
present in the neutral beam.

2

(1~+) will not be
g

Likewise, the presence of 0 atoms is

not expected in the neutral beam because of their rapid recombination
on the walls.

Since the charge transfer of 0- to 0 is a symmetric

resonant process, the cross section is quite large
can be easily detected.

5

and its presence

With the present apparatus a fraction of

0.1% of 0 atoms in the neutral beam would be observable.

Several

searches were made and no measurable quantities of 0 atoms were
found.
1
Ag)' a search
As· a final check to con fi rm t h e presence o f 0 2 ( ~
was made for some other ion that would produce an increase in the
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signal, rather than a decrease, when the microwave discharge was
turned on.

An increase in signal would indicate that the observed

effect with incident 0- ions is indeed due to the presence of

o2 ( 1 ~g)

in the neutral beam, since a purely experimental effect could produce
only an increase or a decrease for all incident ions, but not both.
A signal increase implies that the cross section is larger for charge
transfer to 0

2

( 1 ~g) than to ground state 0 2 •

It was found that C-

ions, at an incident energy of 100 eV, produce a 6% increase in
the signal.
Although a direct measurement of f is not possible with the
present

appara~us,

the indirect evidence and experimental checks

listed above leave little doubt that 0
neutral beam.

2

( 1 ~g)

is present in the

Further it appears reasonable to assume that f is

in the range of 0.035 to 0.045.
Considering the uncertainty in the values of cr g and f, and
the scatter in the data, the actual value of cr e should be within
a factor of three of that shown in Figure 16.
3.

Discussion

The results as shown in Figure 16 indicate that cre is small
over the energy range from 40 eV to 10 keV.

Due to the large amount

of scatter the apparent increase at high energies cannot be considered to be a real effect.

As discussed above, on the basis of

the Rapp and Francis theory this cross section was expected to be
small at high energies and begin to rise with decreasing energy,
reaching a peak at about 6 eV, or 12 eV, if the adiabatic parameter
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is 10

R rather

than 7

&.

Although it was not possible to go much

below 40 eV in energy, the cross section does appear to be at least
0.5 x l0-

16

cm

2

near 100 eV.

value of 0.035 then

If f is actually larger than its minimum

a e will be larger also.

It is not clear that

cre should necessarily be much larger than this at these energies
since, for example, the peak value, if there is a peak, could turn
out to be quite small.
Anouher consideration is the possibility of competing channels.
According to Chen

91

, each energetically accessible reaction path

potentially represents a set of open channels.

Several possibilities

may be detachment, associative detachment, collisional deactivation
(superelastic collision), and dissociative charge transfer.
and Goodyear,

24

and Bailey and Mahadevan

4

Roche

have reported the cross

section for the detachment of electrons from 0- ions by ground state

which is endothermic by 1.465 eV. In this case the cross section is
on the order of 6 x lo- 16 cm 2 over the energy range of 25 to 100 eV
which is considerably larger than the cross section for charge
transfer to ground state 0

2

in the same energy range.

equivalent reaction with metastable 0

2

( 1~g)

Since the

is less endothermic by

0.976 eV it might be expected that the cross section would also
be quite large.

In addition Fehsenfeld et al.

27

have reported that

the rate constant for the associative-detachment reaction of 0- by
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is 3 x 10-lO cm

3

order of 6 x l0-

sec-l which corresponds to a cross section on the
15

about 0.025 eV.

cm

2

assuming a very narrow energy distribution

This reaction will not be important in the energy

range of the present experiment.

Another possible competing

reaction is collisional deactivation

which is exothermic by 0.976 eV and spin allowed, see Table 1.
Finally, dissociative charge transfer is a possibility proposed by
Rutherford and Turner, as mentioned previously.
These processes can be illustrated using the potential energy
diagram shown in Figure 19.

These hypothetical curves published

by Mauer and Schulz 92 represent the potential energy of 0

o; as

3

+ e and

a function of the internuclear separation of the 0 atom from

the static 0

molecule.

2

potential for the 0

2

In addition the dashed curve is an assumed

2
1
( 6g) + 0- ( P) system.

It can be seen that for

almost any well depth the dashed curve will cross both the

o2
the

3
( Lg) + 0

o-2 ( 2 TI) +

2
( P) and the 0

3

0 ( P) curve.

2

3
3
( Lg) + 0 ( P) curves before crossing

3
A transition to the 0 2 ( Lg)

+ 0 - ( 2 P)

curve will result in collisional deactivation and a transition to
the

o2

( 3 Lg)

+

0 ( 3 P) curve results in detachment.

Thus both of

these processes appear likely as compared with charge transfer,
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o; (2ng)

which would result from a transition to the
C.

+ 0 ( 3 P) curve.

C- Ions
The energy defect for the charge transfer of 0- ( 4 s) to

metastable 0

2

1
( 6g) is 0.146 as given in Table 2.

the adiabatic criterion, the cross section

wou~d

According to
be expected to

peak at about 80 eV, which is still within the range of validity
of the Rapp and Francis theory.

On the other hand the energy defect

for charge transfer of C- to ground state 0

2

is 0.83 eV, indicating

that the cross section should peak at about 2600 eV.
would be expected to be small at low energies.
that the cross section increased when 0

Thus the result

1
( 6g) was present in the

2

neutral beam is consistent with this theory.

The analysis is

complicated by the fact that metastable excited
have been present in the ion beam.
for charge transfer of (C - ) * to 0

2

8-10
and 0

Therefore, it

c-

ions may also

However, the energy defects
2

*

are such that both of

these cross sections should also be small at 100 eV.
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VI.

CONCLUSION

Using a crossed-beam technique charge transfer between 0- and
ground state 0 2 has been studied over the energy range of 10 to 10,000
eV.

A peak at 5000 eV was found in agreement with the predictions of

the Rapp and Francis theory.

The position of the peak can be accounted

for by assuming an adiabatic parameter of 10

i

rather than 7

R.

At

energies below 1500 eV these data are in good agreement with the results
of Snow et al., and at the lowest energies these data are in good agreement with the results of Rutherford and Turner.
Charge transfer between 0 - and metastable excited 0

2

( 1 ~g) has

also been studied over the energy range of 40 to 10,000 eV.
section was found to be small over this entire energy region.

The cross
On the

basis of the Rapp and Francis theory it was expected to be small at
high energies.

The reason that it remained small, even at the lowest

energies, is possibly explained by the presence of competing reactions
such as collisional detachment or collisional deactivation.
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